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Purpose: To systematically explore the potential causal relationships among gene expression, DNA methylation, and chronic 
obstructive pulmonary disease (COPD) susceptibility using a multi-omics Mendelian randomization (MR) framework, and to further 
investigate key regulatory genes and methylation sites potentially involved in COPD pathogenesis.
Patients and Methods: We integrated genome-wide association study (GWAS) data from 635,145 individuals, expression quanti
tative trait loci (eQTL) data (N=15,695) from the eQTLGen Consortium, and methylation quantitative trait loci (mQTL) data from the 
Genetics of DNA Methylation Consortium (GoDMC). Two-sample Mendelian randomization was performed using genome-wide 
significant, linkage disequilibrium (LD)-independent (P < 5×10−⁸, r² < 0.1) instruments filtered by Steiger analysis. Sensitivity analyses 
included inverse-variance weighted (IVW), MR-Egger, weighted median, and leave-one-out approaches. Colocalization analysis 
(posterior probability H₄ ≥ 0.75) and summary data-based Mendelian randomization (SMR) with heterogeneity in dependent instru
ments (HEIDI) test (P > 0.05) were used to validate shared causal variants. A three-step Mendelian randomization assessed mediation 
through methylation, gene expression, and COPD risk.
Results: We identified eight putative causal genes for COPD based on Mendelian randomization and colocalization analyses. SDK1 
demonstrated consistent statistical significance across all subsequent steps. Increased SDK1 expression was significantly associated 
with a reduced risk of COPD (β = –0.124, P = 0.002). Methylation at the intronic CpG site cg07526904 within SDK1 was associated 
with lower SDK1 expression (β = –0.148, P = 0.002) and elevated COPD susceptibility (β = 0.036, P = 0.038). Mediation analysis 
indicated that SDK1 expression mediated approximately 51.9% of the total effect of cg07526904 on COPD risk (β = 0.018, P = 0.038), 
supporting a potential epigenetic pathway.
Conclusion: This analysis suggests that SDK1 methylation may affect COPD risk by regulating gene expression, highlighting 
a potential epigenetic mechanism. These findings offer preliminary insights into COPD pathogenesis and may help identify targets for 
future biomarker-based interventions.
Keywords: chronic obstructive pulmonary disease, COPD, SDK1, DNA methylation, gene expression, Mendelian randomization

Introduction
Chronic obstructive pulmonary disease (COPD), a progressive respiratory disorder characterized by persistent airflow 
limitation and chronic inflammation, imposes a substantial global health and economic burden owing to its escalating 
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morbidity and mortality.1–3 Although environmental risk factors, including cigarette smoking and air pollution, are well 
documented, the genetic and epigenetic mechanisms driving COPD heterogeneity remain incompletely understood.4–6 

Although genome-wide association studies (GWAS) have identified multiple genetic loci associated with COPD 
susceptibility, these findings still lack mechanistic insights and causal validation.7–9 Epigenetic regulation, particularly 
DNA methylation, has emerged as a critical modulator of gene expression and disease development.10,11 However, its 
specific role in COPD remains poorly characterized, and existing studies are often limited by observational design and 
inconsistent results. Mendelian Randomization (MR) leverages genetic variants as instrumental variables, enabling causal 
inference by reducing confounding and reverse causation.12,13 Integrating GWAS findings with expression quantitative 
trait loci (eQTL) and methylation quantitative trait loci (mQTL) data provides a powerful framework for systematically 
elucidating how gene expression and DNA methylation contribute to disease risk.14–16 However, to our knowledge, such 
approaches are still underexplored in COPD.

To address these knowledge gaps, we implemented a multi-omics Mendelian randomization framework that integrates 
large-scale GWAS, blood eQTL, and mQTL datasets. We hypothesized that this integrative approach would uncover 
causal regulatory genes and methylation sites underlying COPD susceptibility, including potential roles for SDK1 and its 
methylation-mediated expression regulation. Our study aims to provide novel mechanistic insights into the genetic and 
epigenetic architecture of COPD, potentially guiding future biomarker discovery and targeted interventions.

Material and Methods
Study Design and Data Sources
We conducted a two-sample, multi-omics MR analysis by integrating three major types of large-scale, publicly available 
summary statistics: GWAS, eQTL, and mQTL. The GWAS summary statistics for COPD were obtained from a meta- 
analysis including 13,530 European ancestry cases, 454,945 European controls, 4,017 East Asian cases, and 162,653 East 
Asian controls.17 The blood cis-eQTL data were derived from the eQTLGen consortium, covering 31,684 individuals and 
15,695 genes,18 while the blood mQTL data were obtained from the GoDMC database, comprising approximately 32,000 
individuals.19 Detailed information on data sources, sample size, ancestry, references, URLs, and download dates is 
provided in Table 1. All datasets were accessed in October 2024 and had received the appropriate ethical approvals. An 
overview of the study design is presented in Figure 1.

Instrument Selection and Quality Control
Across all datasets, candidate SNPs were selected using stringent criteria: strong associations with the exposure traits (P 
< 5 × 10−⁸) and low linkage disequilibrium (LD; r² < 0.1 within a 10,000 kb window), with clumping performed using 
the default parameters in the TwoSampleMR package. SNPs with inconsistent causal directionality were removed using 
Steiger filtering (P < 0.05). Instrument strength was assessed using the F statistic (F = β²_exposure/SE²_exposure), and 
only SNPs with F > 10 were retained to minimize instrument bias.20

Table 1 Summary of Primary Data Sources Used in This Study

Data 
Source

Phenotype/ 
Layer

Sample Size  
(Cases/Controls or Total)

Ancestry Data URL

GWAS COPD 13,530/454,945 (European); 4,017/162,653 

(East Asian)

European, East 

Asian

https://www.ebi.ac.uk/gwas/studies/ 

GCST90018807
eQTL Blood cis- 

eQTL

31,684 individuals; 15,695 genes Multi-ancestry  

(mainly European)

https://www.eqtlgen.org/cis-eqtls.html

mQTL Blood mQTL ~32,000 individuals Multi-ancestry  
(mainly European)

http://www.GoDMC.org.uk/
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Mendelian Randomization Analysis and Sensitivity Analyses
MR analyses were conducted using the TwoSampleMR package (v0.5.6) in R. For single SNP analyses, the Wald ratio 
method was used, whereas multiple SNP analyses primarily employed the inverse variance weighted (IVW) method to 
estimate causal effects. Sensitivity analyses, including MR-Egger regression, weighted median, simple mode, and 
weighted mode, were performed to evaluate the robustness of the causal estimates and detect potential horizontal 
pleiotropy. Additional diagnostic tests included the MR-Egger intercept test, with a P-value > 0.05, indicating no 
evidence of horizontal pleiotropy, and leave-one-out analysis to assess the influence of individual SNPs. Genetic 
heterogeneity was assessed using Cochran’s Q test, where a P-value > 0.05 was interpreted as no significant hetero
geneity among instrumental variables, suggesting consistent causal estimates. To account for multiple hypothesis testing, 
we applied the Benjamini-Hochberg false discovery rate (FDR) correction. For each set of association analyses, raw 
P-values were adjusted using the p.adjust() function in R (method = “fdr”), controlling the expected proportion of false 
discoveries.21

Colocalization Analysis
To assess whether gene expression and COPD risk associations, identified through GWAS and eQTL datasets, shared the 
same causal variant, we performed colocalization analysis using the coloc package in R. Posterior probabilities (PP) were 
calculated for five mutually exclusive hypotheses: (1) H₀, no association; (2) H₁, association only with gene expression; 
(3) H₂, association only with COPD risk; (4) H₃, associations with both traits driven by distinct causal variants; and (5) 
H₄, associations with both traits driven by the same causal variant. Strong evidence supporting colocalization was defined 
as a posterior probability (PP) of H ≥ 0.75.22,23

Figure 1 Multi-omics Mendelian randomization (MR) framework. Schematic overview of the analytical pipeline. Blood-based expression quantitative trait loci (eQTL) and 
COPD genome-wide association study (GWAS) summary statistics were integrated using two-sample MR. Colocalization analysis (coloc) was performed to assess whether 
the same causal variants underlie both gene expression and COPD risk (PP.H4 ≥ 0.75). The summary data-based MR (SMR) approach with the HEIDI test was used to 
further validate single-variant causality. Finally, a three-step MR analysis evaluated the directional relationships among methylation QTLs (mQTL), gene expression (eQTL), 
and COPD susceptibility.
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Summary-Data-Based MR (SMR) Analysis and HEIDI Test
We further conducted SMR analysis coupled with the heterogeneity in dependent instruments (HEIDI) test to validate 
whether the associations identified between gene expression (eQTL) and COPD risk were likely driven by a single 
genetic variant, thereby minimizing genetic heterogeneity. A HEIDI test P-value > 0.05 indicated that associations were 
likely attributable to a single variant, supporting robust causal inference.24

Three-Step Mendelian Randomization Analysis
To systematically explore potential multi-omics causal pathways among genetic variation, DNA methylation, gene 
expression, and COPD susceptibility, we adopted a three-step MR approach: (1) DNA methylation → COPD risk and 
evaluated the causal effect of DNA methylation (mQTL) on COPD susceptibility. (2) Gene expression → COPD risk: We 
assessed the causal association between gene expression levels (eQTL) and COPD susceptibility. (3) DNA methylation 
→ gene expression: We examined whether DNA methylation regulates COPD risk by modulating gene expression, 
thereby elucidating the possible epigenetic pathways.25

External Validation of Candidate Gene Expression Using Single-Cell RNA-Sequencing 
Data
To further validate our multi-omics Mendelian randomization findings, we performed an external expression analysis 
using the COPD Cell Atlas (http://www.copdcellatlas.com/), which contains single-cell RNA-sequencing profiles from 
lung tissues of COPD patients and healthy controls. We assessed the expression of SDK1 and other candidate genes 
across major lung cell types, comparing between disease and control groups.

Code and Data Availability
All custom scripts and code used in this study have been deposited in a public GitHub repository (https://github.com/ 
YINJUNXUE/Analysis-code-for-COPD-Mendelian-randomization-study).

Results
MR Analysis of Gene Expression and COPD Risk
We performed two-sample MR analysis by integrating eQTL data with COPD GWAS summary statistics to investigate 
the potential causal effects of gene expression on COPD risk. A total of 1,781 genes showed suggestive evidence of 
association (P < 0.05), among which SDK1 exhibited a significant inverse association with COPD susceptibility (β = − 
0.124, p = 0.002) (Figure 2). Sensitivity analyses revealed no evidence of genetic heterogeneity or horizontal pleiotropy 
(all P > 0.05) (Table S1).

Colocalization Analysis of Gene Expression and COPD Risk
To determine whether the observed associations between gene expression and COPD susceptibility were attributable to 
shared causal variants, we performed colocalization analysis. Colocalization analysis identified 29 genes with strong 
evidence of a shared causal variant for both gene expression and COPD risk (posterior probability for hypothesis H₄ ≥ 
0.75) Notably, SDK1 exhibited a posterior probability of 0.755, indicating a likely shared genetic basis for its expression 
and susceptibility to COPD (Figure 3 and Table S2).

Summary-Data-Based MR (SMR) Analysis and HEIDI Test
To further assess whether the observed associations were attributable to a single causal variant, we performed SMR 
analysis in conjunction with the HEIDI test. Eight genes demonstrated suggestive evidence of a potential causal 
association with COPD risk (P < 0.05) and passed the HEIDI test P-value > 0.05 (Figure 4 and Table S3). Among 
them, SDK1 showed a significant negative association with COPD (β = − 0.385, p = 0.001) with no evidence of 
heterogeneity (HEIDI P > 0.05), further supporting its potential causal role (Figure 4 and Table S3).
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Mendelian Randomization Analysis of DNA Methylation and COPD Risk
To investigate whether DNA methylation at loci corresponding to the candidate genes identified in the previous SMR 
analysis may contribute to COPD risk, we extracted CpG sites annotated to these eight genes based on the 
UCSC_RefGene_Name field from the Illumina 450k annotation file and performed Mendelian randomization (MR) 
analysis using mQTL and GWAS summary data. A total of 43 CpG sites were significantly associated with COPD risk 
(SMR, P < 0.05; HEIDI, P > 0.05; Table S4), including 15 sites associated with increased susceptibility and 28 sites with 
reduced susceptibility. Notably, cg07526904, an intronic CpG site within the SDK1 locus, showed a significant positive 
association with COPD (β = 0.036, p = 0.038), suggesting a potential epigenetic mechanism underlying its effect 
(Table S4).

Three-Step Mendelian Randomization Analysis
Mediation analysis revealed that DNA methylation at cg07526904 significantly downregulated SDK1 expression (β = – 
0.148, p = 0.002), whereas higher SDK1 expression was associated with a reduced risk of COPD (β = –0.124, p = 0.002). 
In addition, cg07526904 methylation was directly and positively associated with COPD susceptibility (Î ² = 0.036, p = 
0.038). The indirect effect mediated by SDK1 expression was estimated at β = 0.018 (p = 0.038), accounting for 51.9% of 
the total effect. These results suggest that hypermethylation of cg07526904 may contribute to increased COPD risk by 
suppressing SDK1 expression (Figure 5).

External Validation of Candidate Gene Expression Using Single-Cell RNA-Sequencing 
Data
To further assess the cellular expression context of the identified candidate genes, we analyzed their single-cell 
transcriptional profiles in lung tissue using data from the COPD Cell Atlas. Among the candidate genes, only SDK1 

Figure 2 Mendelian randomization estimates of gene expression effects on COPD risk. Each dot represents a gene, with the x-axis showing the estimated causal effect (beta 
coefficient) of gene expression on chronic obstructive pulmonary disease (COPD) risk, and the y-axis representing the significance level as –log₁₀(P-value). Red dots indicate 
genes with significantly positive associations (upregulated), while blue dots represent significantly negative associations (downregulated). Gray dots denote genes with no 
statistically significant association.
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demonstrated appreciable expression across multiple epithelial cell subtypes, particularly in PNEC, goblet, and ciliated 
cells. In contrast, CCDC3 and IRF1 showed low to negligible expression in these populations. Notably, there were no 
significant differences in SDK1 expression between COPD and control samples within each epithelial cell type. The 
expression profiles of CCDC3, IRF1, and the other candidate genes showed little to no difference between COPD and 
control groups (Figure 6).

Discussion
Our study pioneered the application of a multi-omics Mendelian randomization (MOMR) framework to deconvolute the 
causal triad of DNA methylation, gene expression, and COPD susceptibility. Through systematic integration of GWAS 
and blood eQTL data, we identified SDK1 as the sole gene surviving rigorous colocalization, SMR-HEIDI filtering, and 
methylation-mediated pathway validation. Notably, intronic methylation at cg07526904 exhibited bidirectional causality, 
positively influencing COPD risk (β=0.036, P=0.038) while suppressing SDK1 expression (β=−0.148, P=0.002), and 

Figure 3 Colocalization of gene expression and COPD-associated loci. Each point represents a gene, with the x-axis indicating the posterior probability (PP.H4.abf) that the 
same genetic variant is responsible for both gene expression and COPD association signals. The y-axis lists candidate genes prioritized by Mendelian randomization analysis. 
The vertical red dashed line marks the significance threshold (PP.H4.abf = 0.75) for strong colocalization evidence.
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SDK1-mediated effects accounted for 51.9% of the methylation-disease association (β_indirect=0.018, P=0.038). To our 
knowledge, this is the first study to systematically explore the potential epigenetic regulation of SDK1 in COPD using 
a Mendelian randomization framework, providing preliminary evidence of an epigenetic mechanism linking DNA 
methylation, gene expression, and COPD susceptibility.

SDK1 is a transmembrane protein belonging to the immunoglobulin superfamily and is characterized by six 
immunoglobulin-like domains and 13 fibronectin type III domains.26 These structural features facilitate homophilic 
interactions, which are critical for maintaining cell adhesion and tissue integrity.27 Tan et al demonstrated that oxidative 
stress and inflammatory cytokines can impair airway epithelial integrity.28 Although SDK1 was not specifically 

Figure 4 SMR-based associations between gene expression and COPD risk. This forest plot presents the summary data-based Mendelian randomization (SMR) results for 
candidate genes, showing the estimated effect sizes (Beta) and their 95% confidence intervals (CIs) for the association between gene expression and COPD risk. Blue dots 
indicate genes where higher expression is associated with reduced COPD risk (negative effect), while red dots represent genes where higher expression is linked to 
increased COPD risk (positive effect). Genes included in the plot passed both SMR and HEIDI filtering criteria, indicating that the associations are likely driven by single, 
shared genetic variants rather than confounded by linkage disequilibrium.

Figure 5 Hypothetical model of SDK1 regulation via DNA methylation. Schematic representation of the causal pathway linking DNA methylation at cg07526904, SDK1 gene 
expression, and COPD risk. Statistical effects and mediation proportion are shown along the arrows. β: effect size; p: p-value.
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mentioned in their study, its well-established role in mediating homophilic cell adhesion suggests that it may be 
functionally relevant in such pathological processes. Previous studies have reported that SDK1 expression is significantly 
downregulated in the small airway epithelial cells of COPD patients compared to healthy individuals.29 This down
regulation has been hypothesized to compromise epithelial adhesion, increase airway permeability, and promote chronic 
inflammation.30 However, the upstream regulatory mechanisms responsible for SDK1 suppression in COPD remain 
poorly understood and few studies have systematically explored its genetic or epigenetic regulation.

Emerging evidence suggests that SDK1 expression is influenced by DNA methylation.31,32 An epigenome-wide study 
in individuals with HIV-associated COPD has implicated SDK1 methylation as a potential factor influencing lung 
function trajectories. However, specific CpG sites directly linked to COPD risk remain poorly characterized.33 

Additionally, although GWAS have implicated the SDK1 locus in immune-related diseases, including atopic dermatitis, 
its specific epigenetic regulation in COPD remains unclear.34 Given the critical role of SDK1 in maintaining epithelial 
integrity and its potential involvement in COPD pathogenesis, elucidating the regulatory effects of specific methylation 
sites on SDK1 expression is essential to understand COPD susceptibility and progression.

Our results demonstrated that SDK1 expression was inversely associated with COPD risk, suggesting a potentially 
protective role. Notably, cg07526904 is an intronic mQTL located within the SDK1. This CpG site is significantly 
associated with decreased SDK1 expression and increased susceptibility to COPD. Although prior studies have not 
established a direct mQTL-eQTL-COPD linkage for SDK1, our findings highlight epigenetic regulation at this CpG site 
as a plausible intermediary connecting SDK1 expression to COPD pathogenesis.

Compared to previous studies based primarily on preclinical or observational designs,35–37 our study is, to our 
knowledge, the first to apply Mendelian randomization at the population level to explore SDK1 methylation in relation to 
COPD. This provides a robust analytical framework for inferring causality. Although the clinical utility of cg07526904 
methylation requires further validation, our findings suggest that it may serve as a potential biomarker for early diagnosis 
or risk stratification, and offer a promising starting point for exploring SDK1-related precision medicine strategies.

Importantly, while SDK1 stood out as a significant candidate in our analysis, none of the other seven initially 
prioritized genes (SENP1, SLC2A4RG, PTGFR, HIST1H4H, IRF1, FAM13A, and CCDC3) demonstrated a similarly 
robust methylation-mediated causal pathway in the subsequent analyses. Specifically, SENP1 and PTGFR lacked 
annotated CpG sites, precluding further methylation analysis. Although FAM13A, HIST1H4H, and SLC2A4RG had 
annotated CpG sites, none showed significant associations with COPD risk in methylation-based MR analyses, indicating 
that methylation-driven regulation of these genes may not be detected in the current reference dataset. While CCDC3 and 
IRF1 initially exhibited several significant methylation–COPD associations in preliminary MR screening, neither 

Figure 6 Single-cell RNA-seq expression landscape of candidate genes in lung epithelial cell subtypes from COPD and control samples. Dot plot showing single-cell RNA- 
seq expression of eight candidate genes (CCDC3, FAM13A, HIST1H4H, IRF1, PTGFR, SDK1, SENP1, and SLC24ARG) across major airway epithelial cell subtypes using data from 
the COPD Cell Atlas. Each dot represents the percentage of cells expressing the gene (dot size) and the average expression level.
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demonstrated significant mediation via gene expression in the comprehensive three-step MR framework, suggesting that 
their methylation signals may not translate into meaningful transcriptional dysregulation relevant to COPD.

Several factors may account for these negative findings. First, tissue and cell-type specificity may limit the 
detection of regulatory effects when using mQTL and eQTL data derived from peripheral blood.38 Additionally, 
single-cell RNA sequencing data from the COPD Cell Atlas indicate that, with the exception of SDK1, these genes 
display minimal or negligible expression in key airway epithelial cell populations. This cell-type–specific expres
sion profile is consistent with our MR findings: if a gene is scarcely expressed in the critical cell types of the lung, 
it is unlikely to influence COPD pathogenesis through gene expression or epigenetic modifications.38 Previous 
studies further support this inference, showing that the functional effects of many COPD susceptibility genes are 
highly tissue- and cell-type specific and become apparent only in disease-relevant cellular contexts.39

Furthermore, the general absence of significant expression changes in lung tissue for these candidate genes suggests that 
their direct pathogenic roles in COPD may be limited. For example, although FAM13A is one of the earliest identified COPD 
risk genes and is broadly expressed in human lung epithelial cells and macrophages,29,40 its mRNA levels do not differ 
significantly between patients with moderate COPD and controls. Only in very severe cases of COPD is increased FAM13A 
protein observed in lung tissue, and FAM13A-deficient mice show marked resistance to cigarette smoke–induced 
emphysema.41 This suggests that the functional effects of certain susceptibility genes, such as FAM13A, may require specific 
disease environments or a high threshold of severity to manifest, and may not be detectable at baseline expression levels. For 
the other genes identified in our screen, it is likely that they do not play a major role in COPD pathogenesis, and that the 
initial association signals may have resulted from non–lung-specific regulatory effects or limited statistical power.

It should also be noted that our multi-omics analyses relied primarily on eQTL and mQTL reference datasets from 
peripheral blood or bulk tissue, which may not fully capture the regulatory variation present in lung-specific cell types. 
For certain genes with inherently low expression, the strength of available genetic instruments may also be limited, 
further reducing the power of causal inference. Even after rigorous multiple testing correction, some true but subtle 
effects may have been missed.42

This study has several limitations that should be considered when interpreting the findings. First, the GWAS 
datasets analyzed were predominantly derived from individuals of European and East Asian ancestry, which may 
limit the generalizability of our findings to other ethnic populations. Although we performed extensive sensitivity 
analyses to account for genetic heterogeneity and horizontal pleiotropy, the possibility of residual confounding and 
undetected bias cannot be completely ruled out. Importantly, the causal inferences in this study were entirely based 
on statistical evidence; thus, functional validation in cellular or animal models is essential to substantiate our 
findings.

Conclusion
This study employed a multi-omics Mendelian randomization framework to identify a potential epigenetic pathway 
involving SDK1 in COPD pathogenesis. Specifically, methylation of cg07526904 may contribute to increased COPD risk 
by downregulating SDK1 expression. These findings advance our understanding of the molecular mechanisms underlying 
COPD and may support the development of biomarker-based strategies for early detection and personalized interventions.

Data Sharing Statement
All analyses in this study were based on data obtained from publicly available databases and from enrolled patients. The 
complete set of custom scripts used for data cleaning, statistical analysis, and visualization has been deposited in a public 
GitHub repository (https://github.com/YINJUNXUE/Analysis-code-for-COPD-Mendelian-randomization-study). The 
raw datasets analyzed during the current study are available from the corresponding author upon reasonable request, 
in accordance with relevant ethical and privacy regulations.
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